ABSTRACT: Climate-growth relationships were investigated for 5 mountain slopes of the Anyemaqen Mountains on the northeastern Tibetan Plateau, using a tree-ring width network indicating the chronologies of 20 Qilian junipers Sabina przewalskii. Tree growth is mainly controlled by regional climate conditions, which are modulated by altitudinal factors. The tree growth patterns in this region were classified asccording to a west -east orientation. Temperature and precipitation from August to October of the previous year and May of the current year are the major limiting factors for most chronologies, as indicated by simple correlation analysis. In general, precipitation plays a more important role in governing tree growth than temperature, and tree rings in the east are more sensitive to precipitation than those in the west. Differences in the climate-growth relationship may be caused by varying climate conditions between the western and eastern Anyemaqen Mountains.
INTRODUCTION
Owing to its enormous size and average altitudes of > 4000 m above sea level (a.s.l.), the Tibetan Plateau (TP) plays an important role in shaping the changes in the climate of the region (Böhner 2006 , Duan et al. 2006 . Therefore, numerous dendroclimatological studies have been conducted on the TP and in its vicinity (e.g. Zhang et al. 2003 , Shao et al. 2004 , Sheppard, et al. 2004 , Liu et al. 2006 , Li et al. 2008 , Fang et al. 2009 ). Since it is necessary to study climate-growth relationships prior to reconstruction, many such studies have been conducted globally over different environmental gradients (Jacoby et al. 1996 , Bräuning, 2001 , Rigling et al. 2002 , Rolland 2002 , Macias et al. 2004 , Frank & Esper 2005 , Lara et al. 2005 , as well as in varying micro-environments (Oberhuber & Kofler 2000 , Tardif et al. 2003 , Neuwirth et al. 2004 . Additionally, such climate-growth relationships can provide important information regarding the responses of forest systems to climate change . However, to our knowledge, limited information is available on the climate-growth relationship on the northeastern TP.
In the present study, 20 ring-width chronologies of Qilian junipers developed from 5 slopes of the Anyemaqen Mountains were statistically compared with regional climate conditions, in order to better understand tree-growth patterns and the climate-growth relationship for this region.
MATERIALS AND METHODS

Study area
The Anyemaqen Mountains, on the northeastern TP, are considered a transitional area between semi-humid and semi-arid zones (Fig. 1A) . These mountains play an important role in modulating hydrological processes and are, therefore, regarded as the core area of the Natural Reserve for the headwaters of the Yellow River.
In the region a continental climate dominates, with a short summer and long and cold winters. The mean annual temperature is from 0.5 to 3.9°C, and the warmest mean monthly temperature is from 11.0 to 14.2°C. In the study region annual precipitation is between 450 and 620 mm, with from 56 to 62% of the annual precipitation falling during summer, possibly an indicator of a monsoonal climate (Wang 1988) . Temperature and precipitation in the eastern Anyemaqen Mountains are higher than in the western part of the range, i.e. by about 4°C in temperature and 18% in relative humidity.
Qilian juniper, one of the dominant species growing on the northeastern TP, is a cold-and drought-tolerant tree species. Pure Qilian juniper forests are mainly distributed on the southern slopes of the Anyemaqen Mountains, at altitudes ranging from 3400 to 3800 m a.s.l. (Fig. 1B) . These are the southernmost and highest distribution limits of Qilian junipers (Qinghai Forest Editorial Committee 1993) and are areas sensitive to climate change. (Fig. 1 ). There were 3 to 5 sampling sites on each sample slope. At each sampling site, 20 to 30 of the largest and presumably oldest trees were sampled. We selected trees that we suspected would be the most influenced by climatic signals, avoiding trees where there had been local disturbances or where trees were too close together and were therefore competing for resources. One or two cores per tree were extracted at approximately breast height (1.3 m) ( Table 1) .
Chronology development
All cores were mounted on slotted wooden boards and polished with different grades of sandpaper (a progressively finer grit), until annual rings could be easily distinguished (Stokes & Smiley 1968) . The ring widths were measured using a Velmex measuring system to 0.001 mm. All tree-ring sequences measured were quality checked with the computer program COFECHA (Holmes 1983) . Tree-ring cores of poor quality (e.g. fragmented, rotted, or not datable) were excluded. The ring-width series were standardized in order to remove biological trends, using conservative curves, e.g. a negative exponential curve or a straight line of any slope. For those series that could not be fitted using these curves, a cubic spline was used with a 50% frequency-response cutoff, equal to 67% of the series length. Tree-ring indices were calculated by the ratio between the raw ring width and the fitted values. Each ring-width series was standardized and averaged together to produce a mean stand chronology for each site, based on biweight robust estimation (Fritts 1976 , Cook & Kairiukstis 1990 . In so doing, the standard and residual chronologies were produced using the program AR-STAN (Cook & Holmes 1986 ). The results of ring-width chronology are dimensionless indices, with biological trends removed, and, thus, better represent the climatic signal (Cook & Kairiukstis 1990) .
In general, the sample size declines in the early portion of a tree-ring chronology; therefore, we used subsample signal strength (SSS) statistics (Wigley et al. 1984) , with a threshold value of 0.80, to evaluate the reliable time span of the final chronologies. The tree-ring chronology was further treated by variance stabilization due to the changing sample size (Meko et al. 1993 ).
Climatic data
Five meteorological stations (Maduo, Maqing, He'nan, Tongde and Xinghai), evenly distributed in the study area, were selected; for details see Table 2 and Fig. 1A . The mean annual temperature and precipitation (1960 to 2001) are shown in Fig. 2 . For all of these stations, both peak precipitation and temperature are found in July; the mean monthly temperature is > 5°C and the mean monthly precipitation from May to September is >40 mm (except at Maduo in May). Correlation results of climatic records among 5 meteorological stations showed, with remarkable consistency, that correlations for both the mean monthly temperature and total monthly precipitation are >98%. However, correlation coefficients for mean annual temperature and total annual precipitation are not significant, with a correlation coefficient of -0.107 (p = 0.499) for the mean annual temperature between Henan and Xinghai and of 0.251 (p = 0.109) for mean total precipitation between Henan and Maduo. Accordingly, in the present study, we utilized the climatic records from the meteorological stations in Maqing, Tongde and Xinghai.
Rotated principal component analysis
In order to explore the spatial patterns of the tree-ring network, rotated principal component analysis (RPCA) (Richman 1986 , Cook et al. 2001 ) was employed on the 20 tree-ring chronologies over a common period from 1844 to 2002. RPCA analysis is used to maximize the spread of individual loadings and thus to produce more interpretable results (Richman 1986 ). The RPCA, determined by the Varimax method and a rigorous Monte Carlo test (Richman 1986 , Cook et al. 2001 , functioned as a form of cluster analysis in the present study. The series of PC scores over the chronology length represented the common growth patterns between them. The weight associated with each chronology conveyed information about the characteristic growth relationship between a specific site and the PC: the higher the weight, the closer the relationship (Legendre & Legendre 1998 , Zhang & Hebda 2004 .
To identify the influence of climatic factors on tree growth, standard ring-width chronologies were compared to temperature and precipitation records, using simple correlation analysis (Blasing et al. 1984) and response function analysis by the programs DENDRO2002 (Biondi 2000) and PRECON Version 5.17 (Fritts 1998) . The climate-growth relationships between ring width and monthly climate data were examined for the previous and current growing seasons, i.e. from July of the previous year to October of the current year. A positive (negative) value indicates that above-average growth is related to an above-average (belowaverage) value of the climate variable. All correlation functions and response function analyses were calculated for a common period (1960 to 2002) for the PC1 chronologies and the regional climatic records. The significance of the response coefficients was tested with a bootstrap method, which assesses the significance of the coefficients based on a large number of subsamples randomly extracted (Guiot 1991) . Such random sampling and the subsequent calibration and verification of the climategrowth model were iterated 500 times with the program PRECON (Fritts 1994) .
RESULTS AND DISCUSSION
Characteristics of tree-ring chronologies
Ring-width chronologies for Qilian junipers Sabina przewalskii were developed for each of the 20 sites on 5 slopes of the Anyemaqen Mountains (Fig. 1) . As shown in Table 3 , statistics for the highaltitude chronologies were lower than those for the low-altitude chronologies (see Table 1 for altitudes), except for the YYA slope. High signal-to-noise ratio (SNR) and expressed population (EPS) values in all chronologies (Table 3) imply strong climatic signals. But no clear spatial trends in chronological statistics were observed over the sampling area. The lower correlations tend to occur between chronologies at high altitudes at the westernmost sites (mainly between DQH and YYCH), and some chronologies in the eastern study area (HBSML, HBSL, and all HHB chronologies), and higher correlations occur between chronologies at lower altitudes in the western study area and all chronologies in the eastern study area. Similar results related to altitude gradients have been described by Macias et al. (2004) for northern Fennoscandia. Macias proposed that the lower correlations could be due to the youngest and least replicated chronologies.
Growth variations
Principal component analysis (PCA) was used to explore similar growth patterns in 20 standard chronologies for a common period of time from 1844 to 2002. The first 2 principal components (PC) account for 54.4% of the total variance (Table 4) . PC1, PC2, PC3 and PC4 explain 39.5, 14.9, 10.0 and 7.3% of the total variance, respectively. The loadings of PC1 are positive for all chronologies (Fig. 3) , reflecting similar growth patterns at all of these sites. PC2 yields positive loadings over 11 chronologies in the western study region and negative loadings over 9 chronologies in the eastern area (Fig. 3) , indicating a clear separation of the eastern and western chronologies. Thus, PC2 indicates a difference in tree growth between the eastern and western Anyemaqen Mountains. PC3 shows the effect of altitude in separating sites. Loadings change according to increasing altitude on YYC (Sites 5 to 8), YYA (Sites 9 to 11) and HBS (Sites 12 to 15) slopes. Apparently, this effect is due to the transformation of temperature and precipitation with increasing altitude. The distributions of PC4 in the scatterplot (Fig. 3) show that PC4 weighting coefficients of DQ and HHB sampling sites (except Site 16) are positive, while others are negative. Table 1 RPCA based on Varimax rotation was used to produce more spatially interpretable loadings. As shown in Fig. 4, PC1 , yielding the highest loadings over sites in the eastern Anyemaqen Mountains, is referred to as the 'eastern Anyemaqen factor' or 'low altitude factor'. PC2, including all YYA sites and the 2 lower sites on the YYC slope, with the lower-middle Anyemaqen loadings higher than those of the other slope samples, is called the 'middle Anyemaqen factor' or 'middle altitude factor'. Likewise, PC3 is termed the 'western Anyemaqen factor' or 'the higher altitude factor'. Similar to the spatial growth patterns indicated by PC2 and PC3, the first 3 PC patterns are also largely controlled by the differences between mountains and altitudes. Meanwhile, the variability within each PC factor, which might be related to a factor involving the slope, was not evident. In the area studies, climate data (Table 2) revealed that precipitation decreases from east to west (HN-MQ-MD or HN-TD-XH) in the Anyemaqen Mountains, which is consistent with the climate change gradient; this may be due to a decreasing gradient of monsoon conditions. Fig. 5 shows PC1 scores derived from all standard chronologies in the reliable time period along a west -east gradient. The growth rate in younger trees is higher in the west than in the east. In addition, identical pointer years (low component scores for PC1) and the disagreement in low-frequency fluctuation (curves of the 31 yr running means) indicates that tree growth varies from site to site at both high and low frequencies. The most striking feature of the first PC is that there are more negative scores (<-3) than positive scores (> 3) in the whole study area. The large number of negative scores indicates that below-average growth dominates throughout the study area; this also shows that acute events that drastically influence tree growth may occur frequently in the study area. Finally, in recent decades, a pattern of increased (decreased) growth has been observed in the west (east). Our interpretation is that, due to the warming trend in recent decades, melting glaciers have resulted in increased soil water content in the west, but intensified evaporation in the east has led to drier conditions.
Climate-growth relationship
Since PC1 accounts for the largest portion of the total variance in the 20 chronologies, we used the correlation between the PC1 of tree rings and climate records to evaluate regional climate-growth relationships. The Table 1 study also showed that the radial growth of Qilian juniper at sites on a mountainous slope contains differing signals.
The climate-growth correlation and response analyses were also conducted between the PC1 scores derived for the entire region and the chronologies on 3 slopes.
3.3.1. Climate-growth response for the whole region
The results of correlation analysis for the whole study region are shown in Fig. 6A, B (20PC1 plot) . The most significant growth-limiting factors are the temperature and precipitation in May of the current year, with significant negative correlation to temperature and significant positive correlation to precipitation in the whole study area. Another significant period is August to October of the previous year, with significant positive correlation with total monthly precipitation. Generally, May to September is a warm and humid time of the year on the TP (Qinghai Forest Editorial Committee 1993). Fig. 2 shows that the mean monthly temperature during the period from May to September is 5°C above -and precipitation is 40 mm higher -than values for most of the weather stations nearby. Air temperature increases in May, and evaporation also generally increases in May on the TP, suggesting the beginning of the growing season. High precipitation during May has a positive effect on tree growth, since water is a requirement of photosynthesis, and also makes nutrients available to the trees from the surrounding environment. Similar results have been reported for the southern TP by Qin et al. (2003) and for the Delingha area of Qinghai by Shao et al. (2004) . Variances in the explained relationships were compared between the first PC for tree growth in the whole region and different climatic factors. The response function explains 70.2% of the total variance in the tree-ring growth PC1 for the whole region: 52% is explained by temperature and precipitation together, and 18.2% is explained by growth in the previous year. However, 37.7 and 47.9% are explained by temperature and precipitation, respectively. In general, the combination of temperature and precipitation has a significant influence on tree growth; precipitation is more influential on tree growth than is temperature.
Climate-growth relationships on 3 selected sampling slopes
Three sampling slopes were selected to study various climate responses (Fig. 6) . Tree growth on the DQ slope has a significant negative correlation with the temperature in May of the current year and August of the previous year, a significant positive correlation with the temperature in July and no significant correlation with precipitation.
Tree growth on the YYA sampling slope only has a significant negative correlation with the mean temperature in April of the current year. A significant negative correlation with precipitation, however, is observed in several months, including May of the current year and August to October of the previous year.
Tree growth on the HHB sampling slope has no significant correlation with mean temperature. Significant correlation is found between tree growth and precipitation in February and May of the current year and August and October of the previous year. There is also significant negative correlation with precipitation in September of the current year.
Apparently, the mean monthly temperature (e.g. current May and previous July to September) has a weaker influence on tree growth at eastern sampling sites, while the influence of precipitation on tree growth in May of the current year is stronger. The strongest influence of precipitation is found in August and October of the previous year at the YYA sampling sites. These differences in climate-growth correlations may be explained by the effect of mountain aspects, as supported by similar results obtained for the area near the Inn River (Tyrol, Austria) (Oberhuber & Kofler 2000) . Different slopes would modify temperature and precipitation levels, producing abundant precipitation at higher altitudes. Therefore, no significant correlation is found between precipitation and tree growth in DQ (southeast-facing); only temperature is influential for tree growth at this site due to its high altitude. Although YYA is located on a southeast-facing slope, it is situated in the upper area of a northward flowing river, in a semi-closed, lower narrow valley with a leeward slope, and a watershed is located on the southern side. In this case, tree growth was more sensitive to precipitation.
PC1 patterns of tree growth in relation to climatic factors on different sampling slopes show that total variances to tree growth derived from temperature and precipitation together are relatively high (DQ: 72.8%; YYA: 68.6%; HHB: 72.7%). Growth variance explained by temperature has an increasing trend from east to west, while variance explained by precipitation decreases from east to west. Temperature is the factor that is most limiting to tree growth at the westernmost sampling sites (DQ), because a variance of 59.5% in growth by temperature outclassed the variance of 26.7% in growth by precipitation. Similar results have been reported by Kang et al. (1997) for the arid and semi-arid Dulan area of Qinghai and by Wang et al. (1982) and Liu et al. (2005) in the Qilian Mountains. Almost identical levels of variance are explained by temperature and precipitation on sampling slopes in the intermediate area (YYA), with 42.7 and 50.4%, respectively, showing that temperature and precipitation influence tree growth equally in this area of the study region. In HHB, however, growth variance explained by temperature was less than that explained by precipitation: 22.3 and 52.0%, respectively. In this case, it is obvious that precipitation is the most important factor influencing tree growth on most of the eastern sampling slopes.
CONCLUSIONS
Based on the tree ring-width chronologies of 20 Qilian junipers Sabina przewalskii, derived from 5 sampling slopes in the Anyemaqen Mountains, northeastern TP, some preliminary conclusions can be drawn:
(1) Scatterplots of principal component loadings indicate that the climate conditions of different mountains were more important in determining tree growth than altitudinal differences.
(2) Correlations between the first principal component (PC1) and climatic factors reveal differences in radial growth along a west -east gradient in the study area. The combination of temperature and precipitation for May of the current year and August to October of the previous year are the major limiting factors for radial growth for the whole study area, especially precipitation in May (current) and August to October (previous).
(3) Climate response analyses show that precipitation was the most important factor influencing tree growth in the whole study area. However, tree ring widths were more limited by temperature in the western study area, radial growth was more limited by precipitation in the eastern Anyemaqen range, and an intermediate pattern was observed for the sites in between.
(4) The differing climate-growth relationships may be explained by the differences in their microenvironments. 
